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[11 We have examined summertime 1998-2009 U.S.
lightning data from the National Lightning Detection
Network (NLDN) to look for weekly cycles in lightning
activity. As was found by Bell et al. (2008) for rain over the
southeast U.S., there is a significant weekly cycle in afternoon
lightning activity that peaks in the middle of the week there.
The weekly cycle appears to be reduced over population
centers. Lightning activity peaks on weekends over waters
near the SE U.S. The statistical significance of weekly cycles
over the western half of the country is generally small. We
found no evidence of a weekly cycle of synoptic-scale forcing
that might explain these patterns. The lightning behavior
is entirely consistent with the explanation suggested by Bell
et al. (2008) for the cycles in rainfall and other atmospheric
data from the SE U.S., that aerosols can cause storms to
intensify in humid, convectively unstable environments.
Citation: Bell, T. L., D. Rosenfeld, and K.-M. Kim (2009), Weekly
cycle of lightning: Evidence of storm invigoration by pollution,
Geophys. Res. Lett., 36, 123805, doi:10.1029/2009GL040915.

1. Introduction

[2] Bell et al. [2008, hereafter BO8] recently reported
strong evidence that average rainfall is highest during the
middle of the week (Tue—Thu) over the non-coastal south-
east U.S. during the summer months of 1998—-2005. The
midweek increase was due in part to increases of the area
with rain and in part to increases in the intensity of rain
where it was raining. A theory was proposed to explain the
changes in rain statistics with the day of the week, attrib-
uting it to the effects of weekly variations in pollution (U.S.
pollution tends to be highest in the middle of the work
week). This theory suggests that increased pollution in the
moist, convectively unstable environment over the summer-
time SE U.S. leads to more intense storms through increased
vertical transport of water in the form of smaller droplets to
altitudes where additional latent heat is released by freezing
of the water [Rosenfeld et al., 2008]. The theory suggested
that the effect should be particularly pronounced in the
afternoon hours, when convective potential is at its highest,
and that midweek storms should tend to climb to higher
altitudes, both of which were seen by BO08 in Tropical
Rainfall Measuring Mission (TRMM) satellite data. The
midweek increase in storm heights was recently confirmed
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by Bell et al. [2009]. A slightly weaker weekly cycle was seen
in rain-gauge data from the area. A weekly cycle in large-
scale low-level convergence and upper-level divergence of
the winds over the SE U.S. was seen in reanalysis data.

[3] The theory presented by BO8 suggests that mixed-
phase processes should be increased during the middle of
the week when pollution is at a maximum. The cloud
electrification that leads to lightning is believed to be
generated by ice processes in storms, particularly by the
charging of riming graupel by ice particle collisions [e.g.,
Saunders 1994], often associated with vigorously growing
clouds that carry water above the zero-isotherm level.
Lightning therefore serves as an indicator of the presence
of such storms. Petersen and Rutledge [1998, 2001], for
instance, provide examples of this well known connection.
We therefore examined the dependence on the day of the
week of lightning statistics in the vicinity of the U.S. using
National Lightning Detection Network (NLDN) data. Infor-
mation about the collection of the data and their accuracy
are given by Cummins et al. [1998] and Idone et al. [1998].

[4] An earlier search for weekly cycles in lightning
activity by Mullayarov et al. [2005] found evidence in data
for 1979-1994 of a midweek peak in activity for areas in
the neighborhood of East Siberia and Africa. Numerous
other studies of possible weekly variation in atmospheric
behavior have appeared in the literature, but the quality of
their statistical analyses varies widely and there is insuffi-
cient space to review them here.

2. Weekly Cycle in Lightning Over the SE U.S.

[s] The lightning data were provided by the NASA Light-
ning Imaging Sensor (LIS) instrument team and the LIS data
center via the Global Hydrology Resource Center (GHRC).
They are in gridded form everywhere within detection range
of U.S. antenna stations, with grid box sizes of about 8 km X
8 km, at 15-minute intervals. Data for summers (June—
August) 1998-2009 were analyzed, overlapping the time
period examined by B08. The data were current as of 14 Sept
2009. Results reported here, except for Figure 2, are all
based on 1998—-2006. Some results in the auxiliary material
are based on slightly different periods, as discussed there.*

[6] We note that it would be possible to carry out the
studies described here using data from the LIS on the
TRMM satellite, but sample sizes would be considerably
smaller than the NLDN data provides.

[71 The strength of a weekly cycle is determined by
fitting time-dependent data r(¢) to a 7-day sinusoid

r(t) :I”()-|-I”7COS[(£}7(1‘—(Z57)]7 (1)

“Auxiliary materials are available in the HTML. doi:10.1029/
2009GL040915.
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Figure 1. Daily averages of lightning strike rates over the
SE U.S. (100W to 80W and 32.5N to 40N) for morning
(0000—1200 LT) and afternoon (1200—2400 LT). One-
sigma error bars are shown based on week-to-week variance
of strike rate.

with w; = 27/(7 days), where ry is the mean strike rate, 77 is
the amplitude of the cycle, and ¢; is the time during the
week when the weekly cycle peaks. By writing rcos[w(f —
@7)] = c¢7 cos(wqf) + s7 sin(w,f) and using linear-least-
squares fits to this version of equation (1) for each week of
data, we can use the variance of the coefficients ¢; and s
from week to week to estimate the overall uncertainty o5 in
the amplitude »,;, assuming that the correlation of the
coefficients from week to week is negligible and the number
of samples for variance estimates (n = 117) is large enough
that the coefficients are approximately normally distributed.
The ratio #3/03 then has a chi-squared distribution with two
degrees of freedom. Details are given by B08. The quantity
rs/o7 is used as a measure of the signal strength (signal-to-
noise ratio). The significance level p of the amplitude 75,
under the null hypothesis that there is no weekly cycle, can
be calculated from this ratio as

p=exp|~(r/o7)’]. @)

as explained by B08. For example, this means that the
probability that »; > 1.73 o7 is p = 0.05.

[8] Summertime cloud-base temperatures tend to be
warmer in the East (which we take to mean east of 100W,
roughly the middle of Texas) because of the higher humidity
in the East. Cloud depths below the freezing level are
correspondingly greater. The potential for warm rain occur-
ring without releasing latent heat of freezing is consequently
greater in the East. Therefore, just as done by B08, we first
look east of 100W for weekly cycles in lightning activity
resulting from the invigoration of storms modified by the
weekly cycle in pollution aerosols.

2.1. Weekly Cycle Versus Time of Day

[o] Before investigating the weekly cycle of area-wide
lightning activity, it is interesting to examine the strength of
the weekly cycle of lightning activity in a way that attempts
to show how the cycle strength varies with the level of
convective instability. Lightning activity varies strongly

BELL ET AL.: WEEKLY CYCLE OF LIGHTNING

L23805

with the time of day (local solar time). The time of day
when lightning activity peaks is also different in different
regions. There are many discussions of the climatology of
lightning activity over the U.S. in terms of its seasonal and
diurnal variations [see, e.g., Zajac and Rutledge, 2001].
Convective instability due to heating by the sun varies with
the time of day.

[10] In Figure S1 of the auxiliary material we show how
lightning activity varies, on average, with both the time of
day and day of the week, for the area with longitudes 100W
to 80W and latitudes 32.5N to 40N, covering much of the
inland area of the southeastern U.S. This behavior is
consistent with the idea that invigoration of storms by
aerosols occurs when convective instability is high (after-
noons), and not so much in regions where other causes
trigger the storms in less convectively unstable conditions
(mornings). Though this evidence is suggestive, it is not con-
clusive, since it is possible that, by accident, the “forcing”
of the weekly cycle happens to be weak in those regions
where the diurnal cycle peaks in the morning hours.

2.2. Weekly Cycle of Large-Area Averages

[11] In order to compare the strength of the weekly cycle
of lightning activity to the weekly cycle in rainfall (aver-
aged over the SE U.S.) seen by B08, we have obtained daily
averages of lightning strike rates over an area nearly
identical to the “Area B” studied by B08, covering longi-
tudes 100W to 80W and 32.5N to 40N (the northern limit of
TRMM satellite coverage). Figure 1 shows the daily aver-
ages plotted for each day of the week. Averages use either
morning or afternoon hours only. Results have been repeat-
ed for a second week to help clarify the nature of the cycles.
Error bars are 1-¢ in size. Error bars for a particular day of
the week are calculated from the variance of daily values for
that day and the number of weeks in the sample (117),
assuming that strike rates a week apart are statistically
independent. There appears to be a strong weekly cycle in
afternoon lightning activity, peaking on Wednesday and
with a minimum on Saturday/Sunday. Rainfall data from
TRMM peaked on Tuesday and was minimum on Saturday,
but the TRMM satellite sampling is much less dense than
the NLDN system, so differences of this magnitude are not
surprising.

[12] The weekly cycle of afternoon lightning activity for
averages over the whole of the non-coastal SE U.S. is
highly significant, with a significance level p = 0.0074
calculated from (2). This p-value is well under the conven-
tional threshold for statistical significance, p = 0.05. A
separate analysis of the time series employing the resam-
pling methods described by B08 found a comparable
significance level. The weekly cycle in morning lightning
activity is, as one would guess from Figure 1, not statisti-
cally significant, with p = 0.54.

2.3. “Never on Sundays,” 12 Last Summers

[13] As another indication of how unlikely it is that the
weekly cycle of lightning activity is an accident of the
unpredictable vagaries of weather, we have obtained the
signal-to-noise ratios and phases of average lightning activ-
ity over the SE U.S. for each summer from 1998 to 2009,
and show the results as a “clock plot™ in Figure 2. It can be
seen there that the sinusoidal fits peak between Tuesday and
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Lightning Weekly-Cycle Phase (Day of Week)
1998-2009 Afternoon
Figure 2. “Clock plot” showing the signal-to-noise ratio

r7/o7 (represented by radial distance) and phases (repre-
sented by angular sectors) of fits to equation (1) of average
lightning activity over the inland SE U.S. for each of 12
summers. Only local afternoon data are used. Radial
distances are proportional to r7/07, which can be converted
to significance levels using equation (2) in the main text.
The concentric circles are labeled by their corresponding p-
levels. Colored balloons contain the last two digits of the
years to which they correspond.

Friday for 12 consecutive summers, and never on week-
ends, despite the large variability in fits to single summers
of data.

3. High-Resolution Maps of the Weekly Cycle

[14] We have gridded the lightning data at various reso-
lutions and, at each resolution, obtained the phase ¢, and
signal strength (r;/07) in each grid box based on fits to
equation (1). Figure 3 shows a map of such fits at 0.125°
resolution, using color to indicate the day of the week when
the sinusoidal fit peaks. Weekly cycles seem coherent over
larger areas in the eastern half of the country than in the
western half. Bands of strong weekly cycles with midweek
peaks stretch from Arkansas to Virginia and straddle Iowa
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50

40

30

2 —
.FR<0.6km2yr1

BELL ET AL.: WEEKLY CYCLE OF LIGHTNING

L23805

and Illinois, and appear to be the source of the strong
weekly cycle dominating the large-area averages shown in
Figure 1. The weekend (Sat/Sun) peak in rainfall over
waters neighboring the SE U.S. seen in TRMM data by
BO8 is also evident in the lightning data (blue colors). (Note
that the detection efficiency of the NLDN system decreases
rapidly away from land.)

[15] Figure 3 suggests that there are many locations in the
U.S. with cycles significant at the p = 0.05 level. A
substantial fraction of these cases may very well be spuri-
ous: low-probability cases that we have found because of
our testing so many grid boxes for a statistically significant
weekly cycle. For instance, it would not be surprising that
something like 5% of the (~8 x 10%) boxes show cycles
significant at the p = 0.05 level that are in fact just “noise”.
Without a physical theory for the weekly cycle to guide us,
we would be hard put, based on statistics alone, to decide
whether the weekly cycles with various phases seen in
various parts of the country in Figure 3 are “real” or
accidents. This is a problem that bedevils much research
on detecting weekly cycles when it involves multi-site
testing for cycles, particularly using surface station data
[Bell and Rosenfeld, 2008].

[16] The statistical significance of the cycle seen in
Figure 1 for a large-area average suggests strongly that a
weekly cycle peaking in the middle of the week occurs over
a substantial part of the SE U.S., but we can’t be sure that a
weekly cycle with a low p-value at any given grid point in
Figure 3 is “real”. We show in Section S2 of Text S1 of the
auxiliary material that even for grid-box sizes of 1° about
half of the grid boxes with weekly cycles significant at
better than p = 0.05 could well be spurious, a reminder that
maps like Figure 3 must be examined with a critical eye.
The increase in the frequency of occurrence of grid boxes
with significant weekly cycles as the grid-box size is
increased suggests that while there may be a tendency for
a weekly cycle to exist over large areas of the SE U.S., the
cycle is probably not very strong at any one place, relative
to the “noisiness” of small-scale statistics, and it can only
be seen by averaging over many places over long periods.

N

Sat Sun Mon Tue Wed Thu Fri

Figure 3. Map of phase and strength of weekly cycle at a resolution of 0.125°. Colors identify both the phase and the
signal-to-noise ratio of the cycle. The colors along the top of the color bar indicate local significance levels p < 0.05; the
darkest colors at the bottom indicate cycles with low significance. Moderately dark colors in the middle indicate
significance levels 0.05 < p < 0.5. Areas with average flash rates (FR) < 0.6 km ™2 yr~' are masked.

30f5



L23805

[17] The data west of 100W were also analyzed for
weekly cycles, and while there are some signs of a weekly
cycle there, they are much smaller, suggesting that, if there
are areas with a real but weak weekly cycle, they are not
widespread.

[18] Although there seem to be statistically significant
weekly cycles present in parts of the SE U.S., it is not
immediately evident that strong cycles occur over likely
emission areas. In particular, there is no simple correlation
with the presence of cities. This phenomenon shows up
visually in a map like Figure 3 when the highest-population-
density areas are highlighted (not shown here): the colors in
the high-population areas tend to be markedly “muddier”
than surrounding areas, indicating low signal-to-noise ratios.
A more detailed statistical analysis of this phenomenon is
presented in Section S3 of Text S1 of the auxiliary material.

[19] The reason for this possible reduction in a weekly
signal over the cities is not clear. It may be that pollution
levels in these areas are so high that invigoration of storms
by pollution is saturated, so that lightning activity goes up
and down less with the weekly cycle of pollution than it
does over less polluted areas. The possibility of the satura-
tion of pollution effects is discussed, for example, by Wang
[2005] and Rosenfeld et al. [2008]. Or the presence of the
city’s “heat island” may already be invigorating the storms,
leaving little room for any additional effect by the aerosols.
Clearly a better analysis of this possibility would involve
direct correlations of the strength of the weekly cycle with
aerosol concentrations, rather than using the city location
itself as a proxy for high pollution levels, since the highest
pollution levels may lie downstream of the city. Jin and
Shepherd [2008] describe an example of such an effort.

4. Possibility of Synoptic-Scale Forcing

[20] It has been suggested (W. A. Petersen, private com-
munication, 2008) that a weekly cycle might be stimulated
by a 7-day synoptic-scale modulation of the environment
rather than by locally-induced, microphysical pollution-
related changes in storm behavior, as suggested above. We
searched for such patterns using reanalysis data, as discussed
in Section S4 of Text S1 of the auxiliary material. The results
were noisy and we could find no convincing evidence of
such an effect, other than what was easily attributable to
local changes in convective activity.

5. Discussion

[21] Cloud-to-ground lightning-strike data collected in
the vicinity of the U.S. for the summer afternoons (1200—
2400 LT) of 1998—-2009 exhibit weekly variations that are
entirely consistent with the observed weekly changes in rain
and storm behavior over the SE U.S. obtained from the
TRMM satellite and documented by B08. Because of its
dependence on ice aloft, lightning activity may more
directly reflect the microphysical effects of aerosols on
storm development than rainfall. Lightning activity over
inland areas in the southeast tends to peak in the middle of
the week, while activity over the nearby waters (Atlantic
and Gulf of Mexico) tends to peak on weekends. (BOS
suggested an explanation of the latter, that storm develop-
ment is dynamically suppressed over the water due to
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increases in low-level wind convergence over the nearby
land areas due to increased convection.)

[22] The weekly cycle tends to occur in areas where the
diurnal variations reach a maximum in the afternoon, when
convective instability is highest and the energy for storm
development is highest. The apparent diminution of the
strength of the weekly cycle over the most populated areas
(see Figure S3 in the auxiliary material) and the steady
increase in signal strength with areal averaging (see
Figure S2) suggest that the weekly cycle might be weak
and widespread in the East rather than strong and highly
localized. We found no evidence of a weekly cycle in
activity in the western half of the U.S. All of this is
consistent with the physical theory for the weekly cycle
proposed by B08, that midweek increases in aerosol levels
cause increased invigoration of storms in regions where
convective instability and humidity are high.

[23] The results here and from B0O8 suggest that, when the
environment is right, anthropogenic pollution can cause
storms to grow larger than they would otherwise, probably
with concomitant increases in damaging severe-storm phe-
nomena. We are now focussing our attention on this
question.
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